The current study attempts to verify secretion of a callose hollow fiber from plant protoplasts, which was previously reported in woody plants, as a common stressed culture-induced phenomenon among plants, by re-examining herbaceous plant cultured cells of tobacco BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2) and Arabidopsis thaliana allowing inhibition of cell wall formation. Then, inhibition of cell wall formation was found to induce the secretion of callose fibers by adding isoxaben, an inhibitor of cellulose synthesis, into the stressed culture medium. The inducing period for the secretion from both tobacco BY-2 and A. thaliana was shorter than that previously reported in Betula platyphylla (white birch). The secreted fibers were observed by confocal laser scanning microscopy and atomic force microscopy. The microscopic images indicated that the callose fibers from herbaceous plants did not necessarily possess a similar structure to hollow fibers from white birch. Eventually, it has been demonstrated that the secretion of callose fibers from protoplasts can be a stress-induced phenomenon commonly occurring in plants, but their hierarchical 3D-fiber structures are likely to depend on species.
Introduction
Previously, it was found that wood protoplasts secrete a micro-sized fiber consisting of β-1,3-glucan (callose) in the acidic culture media containing high concentration of Ca 2+ [1] [2] [3] [4] [5] [6] . The produced callose fiber from Betula platyphylla (white birch) had a hierarchical bundle structure composed of callose hollow sub-fibrils ranging from a few hundred nanometers to a few micrometers in width [4, 6] . In woody plants, callose occurrence, which is usually disordered deposition, is limited to cell plates, pollen tubes, plasmodesmata and protecting wounded cells [7] . In in vitro synthesis of callose using isolated membrane fraction including the callose synthase, a short fibrillar structure with a few 10 nm in width appeared [8] [9] [10] [11] [12] . However, the characteristic hierarchical bundle structure in the secreted micro-sized hollow fibers reported by Seyama et al. [4] and Matsuo et al. [6] has not been so far observed except for the cases of woody protoplasts.
To date, this unique phenomenon has been reported only in the protoplasts isolated from woody plant cells such as white birch leaves [1, 2, 4, 5] , their callus [6] , and embryogenic cells of Larix leptolepis (conifer) [2, 3] . Yet, we have not discovered the similar phenomenon in the herbaceous plants. The question remains whether the callose fiber production is a common phenomenon in plants or not. Therefore, the main objective of this study is to examine generality of this phenomenon among plants.
Seyama and Kondo [5] indicated that inhibition of cell wall formation could be one of the key factors for such a production of callose hollow fibers from woody plant protoplasts. They examined possibility of regeneration of cell walls in protoplasts under a stress condition by counting burst ratio of the cultured protoplast cells under a low osmotic pressure depending on the culture time. The 100% burst ratio for the stress-cultured cells was the result all through the culture period. Thus, the authors have assumed that herbaceous plant cells, which can easily and fast regenerate cell walls, could also exhibit the phenomenon when the cell wall formation is restricted.
In the present article, isoxaben [13, 14] , an extremely powerful and specific inhibitor for cellulose biosynthesis, was added to the already investigated culture media to allow herbaceous plants to produce a callose hollow fiber. Suspended cultured cells of tobacco BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2) and Arabidopsis thaliana, which are representatives of herbaceous plants and model organisms of plants, were used as starting materials. Then, confocal laser scanning microscopy (CLSM) monitored their response to the stress due to the culture media to compare with the cases in protoplasts derived from woody plants reported previously [4] [5] [6] . In addition, the hierarchical 3D-fiber structures and their surface morphology were revealed using CLSM with 3D imaging technique and atomic force microscopy.
Materials and methods

Materials
Suspension cultured cells of tobacco BY-2 cell and A. thaliana (At wt [15] , RIKEN BioResource Center. Tsukuba, Japan) were employed. Tobacco BY-2 and A. thaliana cultured cells were cultured in Linsmaier and Skoog (LS) [16] liquid medium containing 30 g/l sucrose, 0.2 g/l KH 2 PO 4 , 1 mg/l thiamine-HCl, 0.1 g/l myo-inositol and 0.2 mg/l 2,4-dichlorophenoxyacetic acid, at 25 °C under a continuous dark condition. They were sub-cultured in a fresh LS medium every 7 days.
Preparation of protoplasts
Suspension cells of tobacco BY-2 and A. thaliana cultured under the above condition for 4-5 days were used for preparation of protoplasts. A modified procedure of the previous one [6] was carried out as follows: The protoplasts were isolated by a treatment with 0.6 M mannitol solution containing 1% cellulase Onozuka R-S (Yakult, Co., Ltd., Tokyo, Japan) and 1% Macerozyme R-10 (Yakult). Following the enzymatic treatment, the suspension passed through a sheet of nylon mesh with a square pore size of 40 µm 2 to obtain the protoplasts. After washed with 0.4 M mannitol, the protoplast precipitates were collected by centrifugation (800 rpm, 150g, 5 min). Then, an appropriate amount of fresh 0.4 M mannitol solution was added again for further centrifugation, and this treatment was repeated twice. Table 1 lists the culture conditions used in this study. The normal culture condition (Condition 1) was the LS medium described above including 0.4 M mannitol with pH adjusted to 5.8. Culture conditions of 2-7 indicate the culture media including additional 100, 150 and 200 mM CaCl 2 with a pH adjusted to 3.5 without mannitol, respectively. For the culture conditions 5-7, 3 µM of isoxaben (Sigma-Aldrich Co. LLC, Tokyo, Japan) were added. The culture solutions from isoxaben stock in ethanol were freshly diluted by the culture medium before use. Then, the cell densities were adjusted to approximately 5 × 10 4 cells/ml in the culture well (equivalent to 2500 cells per well), and the incubation was performed at 28 °C in the dark. All protoplasts were cultured in 96 well microplate (Corning, Inc., NY, USA), so that they were directly observed under an inversed light microscope (CK40, Olympus Co., Tokyo, Japan).
Protoplast culture
Confocal laser scanning microscopy
Protoplasts cultured under several conditions described above were transferred into the glass bottom 96 well dish (AGC Asahi Glass, Tokyo, Japan) for confocal laser scanning microscopy (CLSM) (Leica SP8; Leica Microsystems, Wetzlar, Germany). Then, both 10 µg/ml of calcofluor white M2R (CW: Sigma-Aldrich) and 10 µg/l of aniline blue fluorochrome (ABF: Biosupplies Australia, Pty. Ltd., Victoria, Australia) were added prior to the incubation for over 10 min. CW stains both β-1,4-glucan (cellulose) and β-1,3-glucan (callose), while ABF stains callose specifically. The pH in the medium with CW was adjusted to approximately 6.0 [17] by 1% KOH solution before CLSM observation. CW and ABF were excited at a wavelength of 405 nm in the irradiated laser beam. Fluorescence emission of CW or ABF was detected in the range of 430-470 or 430-600 nm in wave length, respectively.
Atomic force microscopy
Fibers secreted from protoplasts were observed by atomic force microscopy (AFM). Samples for AFM were prepared by washing with 50 mM methylenediaminetetraacetic acid (pH 7.0) and distilled water in three times, respectively. For observation, they were put on a microscope slide and then air-dried. Atomic force microscopy images for surfaces of the dried sample were acquired with a MFP-3D-SA (Oxford Instruments Asylum Research, Inc., California, USA) operated at room temperature, being controlled in the non-contact mode with a scan rate 1.0 Hz to observe 15 × 15 µm 2 areas. The AFM tip employed was an etched-silicon AFM tip (OMCL-AC240TS-C3, Olympus, Tokyo, Japan) with a nominal radius from to 7 nm, and a spring (force) constant of 2 N m −1 .
Image analyses
Confocal laser scanning microscopy images were processed using LAS X (Leica Microsystems, Wetzlar, Germany) and an Image J/Fiji (W. Rasband, National Institutes of Helth, Bethesda, MD) software. 3D and sectioning images were provided by integrating of sequence images of z stack in CLSM using the LAS X. Projection images were provided by integration of sequence images of z stack in CLSM using the Image J/Fiji. Cell wall formation ratio (%) was calculated based on fluorescent CLSM images, which corresponds to a ratio of cells having cell walls to the number of all cells present in the image.
Results and discussion
Secretion of callose fibers from protoplasts of tobacco BY-2 and A. thaliana
Protoplasts isolated from white birch leaves can proceed with cell divisions via cell wall formation under the normal condition medium; namely Murashige and Skoog liquid medium with half the strength of the standard including hormones [4] . In contrast, addition of 100-300 mM of Ca 2+ into the medium under an acidic condition was found to induce production of a callose hollow fiber, instead of cell division for the Betula protoplasts [4] . Matsuo et al. [6] used the protoplasts isolated from cultured cells of callus of white birch, instead of the native cells. The protoplasts also produced callose hollow fibers in the media including Ca 2+ in the concentration range of 100-200 mM. In general, isolated plant protoplasts are supposed to undergo cell division soon after formation of cell walls [18] . Therefore, the higher concentration of Ca 2+ in the culture medium appears to be a critical factor to inhibit cell wall formation, but to induce secretion of the callose hollow fibers. Moreover, the acidic condition at pH 3.5 strongly influenced the phenomenon [4, 6] . Thus, the current study employed a series of media containing various concentrations of Ca 2+ at pH 3.5 (see Table 1 ). Protoplasts in this study were isolated from cultured cells of herbaceous plants of tobacco BY-2 and A. thaliana, and cultured under the same concentration range of 100-200 mM used previously [6] . Then, isoxaben, an inhibitor of cellulose biosynthesis, was added into the culture media to allow suppression of cell wall formation to promote the fiber production as seen in woody plants [4] [5] [6] .
As the result, production of micro-sized fiber appeared in both of species under the listed conditions except condition 1 as a normal culture condition for cell division (Fig. 1A,  B) . The fibers exhibited fluorescent emission at 430-600 nm when stained with ABF, which specifically stains β-1,3-glucan. This indicated that the secreted micro-sized fiber was composed of β-1,3-glucan (callose) (also see Fig. 6 ).
In protoplasts of tobacco BY-2, the fiber production was found after 3 weeks of the culture. Under pH 3.5 with 100 mM CaCl 2 (Cond. 2 in Fig. 1C) , an efficient fiber formation occurred. Furthermore, adding isoxaben showed more efficiency in the fiber formation (Cond. 5-7 in the same image). In contrast, protoplasts of A. thaliana secreted a fiber under Cond. 2-4 in Fig. 1D without isoxaben after 2 weeks of the culture. With isoxaben addition (Cond. 5-7), the efficiency in the fiber secretion relatively increased.
These results in both cases suggest that the addition of isoxaben promoted the callose fiber production. It is noted that the tendency of fiber secretion in A. thaliana was similar to that for protoplasts of white birch callus [6] . Namely, the optimal concentration of CaCl 2 for producing the fiber was assumed as 100-200 mM as seen in protoplasts of white birch callus [6] (Fig. 1D) .
Concerning inducing period for the fiber production, protoplasts of white birch leaves required 2 months [4] , which was longer than 1 month for the protoplasts of white birch callus [6] . On the other hand, the corresponding period for tobacco BY-2 and A. thaliana was much shorter. The above information indicated that degree of response of the ion stress might depend on plant species. There may be two possibilities to cause the difference; one is difference in woody and herbaceous plants and the second is due to either native or cultured cells. In any event, the life cycle for such herbaceous plants may be a key factor to induce an earlier secretion of the fiber. In fact, protoplasts of A. thaliana were dead earlier than tobacco BY-2 and white birch (data was not shown).
Cell wall formation on herbaceous plant protoplasts
To investigate dependence of inhibition of cell walls upon occurrence of callose fibers, CLSM observation was carried out for cells stained with a fluorescent brightener, CW M2R. The fluorescent image on the cells indicated presence of cell wall components, e.g., β-1,4-glucan and/or β-1,3-glucan. Typical CLSM images are shown in Fig. 2 for both tobacco BY-2 and A. thaliana cultured cells, respectively. In addition, CLSM observation at a low magnification was performed to calculate the proportion of cells forming cell walls based on the images for tobacco BY-2 at 3 weeks' culture as well as A. thaliana at 2 weeks' culture, respectively (Fig. 3) . As a reference, cells at the first day of the culture in the condition 1 were also observed by CLSM as shown in Fig. 2A , E, respectively. Protoplasts of both tobacco BY-2 and A. thaliana did not exhibit cell wall formation in the first day of culture under the normal condition.
At 3 weeks' culture of tobacco BY-2 cells, cell elongation, cell division and formation of colonies of cells occurred. Moreover, cells were entirely covered with CW fluorescent emission (Fig. 2B) , indicating that almost all cells allowed cell wall formation during the 3 weeks under the normal condition, which corresponds to the column of Cond. 1 in Fig. 3A . In the medium containing a high concentration of CaCl 2 (Fig. 2C) , protoplasts expanded, and some protoplasts formed cell walls, but in fact mixture of both cell-walled (Fig. 2C ) and non-cell walled cells (Fig. 2D) appeared. The similar mixture also appeared under the culture conditions 2-4. It is noted that elongation of cells was not observed under these conditions. When isoxaben was added into the medium, most cells were similar to the non-cell-walled cells in Fig. 2D as a representative. The frequency of cell wall formation was less than 20% (Cond. 5-7 of Fig. 3A) .
At 2 weeks' culture under the normal condition (Cond. 1) of A. thaliana, cell division and colony formation accompanied with cell wall formation appeared (Fig. 2F) .
Similarly, mixture of cell-walled (Fig. 2G ) and non-cell walled cells (Fig. 2H ) appeared in the culture medium containing 100 mM CaCl 2 (Cond. 2). In the condition containing 150 and 200 mM CaCl 2 (Cond. 3 and 4), cell walls hardly appeared on the cultured cells (Fig. 3B) . As shown in Fig. 2H , when isoxaben was added into the medium containing Ca 2+ , most cells exhibited a similar cell image without cell wall formation.
Isoxaben is generally believed to inhibit cellulose synthesis by causing clearance of cellulose synthase A proteins (CesA) from plasma membrane [19, 20] . Since cellulose synthase isoform CES6 is supposed to discourage the activity due to presence of isoxaben in A. thaliana [21] , the similar effect worked possibly for tobacco BY-2. Incidentally, when cultured under isoxaben added normal condition without CaCl 2 , cell wall occurrence and secretion of the callose fibers were hardly observed in the protoplasts of tobacco BY-2 and A. thaliana (data was not shown). Therefore, addition of either CaCl 2 or isoxaben is insufficient to effective inhibition of cell wall formation in both cultured cells. Namely, the simultaneous addition of CaCl 2 and isoxaben is effective for inhibiting cell wall formation, which conversely induces the formation of the callose fibers. In the case of protoplasts of white birch leaves [5] , cell wall formation was inhibited under a Fig. 1 Optical microscopic images and number of callose fibers secreted from protoplasts of tobacco BY-2 at 3 weeks' culture (A, C) and A. thaliana at 2 weeks' culture (B, D) under several conditions. Dashed lines in A and B indicate the secreted fibers. The inset in D represents numbers of callose fibers secreted from protoplasts of white birch (Betula platyphylla) reported previously [6] . The number indicates the average number of fibers per well. Cond. 1-Cond. 7 indicate from condition 1 to condition 7 in Table 1 Fig. 3 . This result indicated that a large excess addition of CaCl 2 to the medium resulted in gentle inhibition of cell wall formation of tobacco BY-2 and A. thaliana, respectively. Furthermore, addition of isoxaben assisted further suppression of cell wall formation. Under the culture conditions to restrict cell wall formation as described above, the secretion of callose fibers occurred. Therefore, it appears to be some correlation between inhibition of cell wall and producing the callose fiber in tobacco BY-2 and A. thaliana, similarly to woody plants [5] . In other words, suppression of cell wall formation is likely to induce the secretion of the callose fibers.
Concerning A. thaliana, the results of stress response showed in Figs. 1D and 3B leads to the hypothesis that relationship between A. thaliana and white birch is closer than that between tobacco BY-2 and white birch in systematic taxonomy by taking into account of Angiosperm Phylogeny Group classification [22] .
Expansion of herbaceous plant protoplasts by culture under stressed conditions
In previous papers [5, 6] , diameter size in enlarged protoplasts was supposed to correlate with the initiation of the fiber secretion. Namely, as soon as protoplasts reached 100 µm in diameter, they started to secrete a fiber in white birch's protoplasts. In the current study, changes of the cell diameter were also monitored in the protoplasts of tobacco BY-2 and A. thaliana, respectively. Figure 2A , E in the first day of culture showed that the cells of tobacco BY-2 and A. thaliana became approximately 30 and 20 µm in diameter, respectively. As protoplasts cultured in the normal condition generated colony, their individual diameters were hardly measured.
Following the cell expansion, fiber production was observed in tobacco BY-2 at 3 weeks' culture. The cell diameter reached approximately 100 µm in the optimal condition for production of the fiber, which was the condition including 100 mM CaCl 2 and isoxaben (Cond. 5 of Fig. 4A) . Meanwhile, the diameter of cells in the conditions including 150 and 200 mM CaCl 2 (Cond. 6 and 7 in the same figure), which exhibited a lower induction ratio of the fiber secretion, was smaller than that in the optimal condition. A higher induction ratio is likely to correspond to higher expansion degrees of cells, which may also relate to a high activity of cells.
In A. thaliana, the fiber production occurred at 2 weeks' culture. The cell diameter reached approximately 50 µm all through the conditions employed (Cond. 2-7 of Fig. 4B) .
The above results suggested that the cell expansion at higher concentrations of CaCl 2 was a common phenomenon in plants. However, the size and the induction period for production of fibers depended on the plant species. As an example of higher plants, callose fiber production of protoplasts isolated from white birch leaves started after 2 months of culture and the cell diameter became 100-200 µm [5] . In contrast, the tobacco BY-2 protoplasts required 3 weeks to reach 100 μm in diameter, which grew much faster than the case for white birch protoplasts. Furthermore, A. thaliana was found to produce fibers with the cell diameters less than 100 µm. Morphology of callose fibers secreted from protoplasts of BY-2 and A. thaliana
The hierarchical 3D-fiber structures and the surface morphology of the secreted callose fibers were investigated using optical microscopy, CLSM and AFM. Figure 5 shows averaged width of the callose fibers of ca. 12 and 8 µm produced from protoplasts of tobacco BY-2 and A. thaliana, respectively. In the previous reports [5, 6] , the fiber width of protoplasts derived from native birch leaves was about 30 µm [5] , whereas that derived from white birch callus was about 14 µm [6] . Considering the above, herbaceous plants are likely to secrete a thinner fiber than the fiber from woody plants.
Previously protoplasts of native white birch leaves and callus found to secrete fibers having hierarchical structures composed of a bundle of hollow sub-fibrils [4, 6] . The current study using CLSM with 3D imaging and AFM surface imaging techniques has revealed difference of the 3D-fiber structures. Namely, the CLSM and AFM observations were capable of providing information on the nondestructive fibers secreted from protoplasts. In particular, it is possible to observe the in situ fibers in the culture medium using CLSM. In the case of white birch, secreted fibers were composed of a bundle of hollow sub-fibrils (Fig. 6A) as previously reported [4, 6] . On the other hand, in the case of tobacco BY-2 (Fig. 6B) , most secreted fibers exhibited a single hollow structure having 10 µm in width, which was slightly thinner than a bundle of hollow sub-fibrils from white birch, and which had thicker fiber walls than those appeared in other conditions. Some fibers appeared to comprise a bundle of hollow sub-fibrils like the fiber secretion case form white birch leaves, but the number or probability of the sub-fibrils was much smaller (data was not shown). In the case of A. thaliana as shown in Fig. 6C , it was hard to judge presence of the hollow situation as it was densely packed as a fiber. The width of the secreted fiber was almost the half size (5 µm in width) when compared with the other cases (see Fig. 6C ).
In addition, AFM observation indicated difference of fiber surfaces among the species. Root mean square roughness (RMS) of air-dried fiber specimens of white birch, tobacco BY-2 and A. thaliana were 31.549 nm (Fig. 7A) , 130.747 nm (Fig. 7B ) and 54.563 nm (Fig. 7C) , respectively. This result suggested that fibers secreted from tobacco BY-2 and A. thaliana exhibited rougher surfaces than that of white birch's fiber. Thicker wall of fiber in tobacco BY-2 and denser packing of sub-fibrils in A. thaliana as shown in the CLSM images of Fig. 6B , C may cause the surface differences in the structural roughness.
Seyama et al. [4] reported that some granules clearly appeared on the secretion site of a bundle of callose hollow fibrils on the protoplast surface. The individual hollow fibril seemed to be secreted from a single sphere granule in the assembled state located on a spot of the cell surface. The granules connected to the end of secreted fibers are most likely to be complexes of some callose synthases that are a kind of membrane proteins. Considering this, there were two hypotheses in reason for the difference of fiber structure: (1) arrangement of callose synthases in plasma membrane were different between species, (2) fibers were composed of not only callose but also other component such as cellulose. More detailed characterization will be required in the future.
Conclusion
In our previous studies [1, [4] [5] [6] , woody plants secreted callose hollow fibers under the stress condition with excess Ca 2+ at the acidic condition of pH 3.5, and this phenomenon has been limited to woody plants. The current study attempts to confirm that the callose fiber secretion also occurs in herbaceous plant protoplasts when the cell wall formation is inhibited. Therefore, the appearance of fibers in tobacco BY2 and A. thaliana indicates it to be a common phenomenon among plant protoplasts due to the stressed culture condition. However, the hierarchical 3D-fiber structures and their surface morphology were not necessarily similar among species. This also indicates that arrangements of callose synthase in the plasma membrane or components of fibers may be different among species. 
